Soil nails have been widely used to retain excavations and stabilize steep cutslopes. A series of dynamic centrifuge model tests were conducted on nail-reinforced and unreinforced slopes during an earthquake, with several in‰uence factors, including the nail length, nail spacing, and the inclination of slope, taken into consideration. The unreinforced slope exhibited a progressive failure in the middle and lower parts though the global slip surface did not appear due to the earthquake, which was arrested by using the nail reinforcement. The nails changed the dynamic acceleration response of the slope during the earthquake. The deformation of the slope was signiˆcantly decreased by the nails within a nail-in‰uence zone. This zone involved the slip surface of the unreinforced slope, and was almost completely independent on the layout of the nail-reinforcement when the nails had su‹cient length. A point couple analysis, a strain analysis, and a uniformity analysis were carried out in an attempt to determine why nails can increase the stability of a slope. It was discovered that the nails forced the deformation of the slope to be more uniform and thus arrested possible strain localization under earthquake conditions. As such, it is suggested that increasing nail length or decreasing nail spacing can both improve the nail-reinforcement eŠect, and increase the stability level of a slope.
INTRODUCTION
Soil nails and soil nail walls have been widely used to retain excavations and stabilize steep cutslopes because of their technical and economical advantages (e.g., Nowatzki and Samtani, 2004). Such a reinforcement technique has been extended to the stabilization of active landslides in the recent years (Turner and Jensen, 2005) . While the usual design of soil-nailed structures is based on the limit equilibrium method or limit analysis (Shen et al., 1981; Juran et al., 1990) , neither of these methods make it possible to understand the soil-nail interaction. The behavior of the soil-nail system needs to be examined for an eŠec-tive evaluation technique of the stability level of a nail-reinforced slope to be developed.
The behavior of diŠerent types of nail-reinforced slopes was observed and measurements were taken to obtainˆrst-hand data for further analysis (e.g., Turner and Jensen, 2005) . Two full-scaled soil-nailed structures were monitored and compared to investigate the reinforcement eŠect of upward nail inclination (Guler and Bozkurt, 2004) . It should be noticed that the boundary conditions are di‹cult to control inˆeld observations; therefore, this approach is restricted to the study of the reinforcement mechanism of nails.
Apart from traditional limit equilibrium method, the rigorous numerical methods, e.g., theˆnite-element method, were developed or used to investigate the response of soil-nail systems. The key problem is to simulate the soil-nail interaction accurately. Zhou et al. (2009) proposed an``embedded bond-slip model'' to describe the soil-nail interaction numerically by combining the key features of the embedded element technique and the conventional interface element method. Other models of the soil-nail interface were suggested under diŠerent assumptions and veriˆed by tests (e.g., Zhou and Yin, 2008) . A reasonable model of the interface depends notably on the test-based understanding of soil-nail interaction. Therefore, many pullout tests were conducted to apprehend the behavior of soil-nail interface by considering diŠerent factors, including soil type, overburden pressure, and degree of saturation (e.g., Junaideen The eŠects of nails were analyzed by the laboratory model tests with respect to the ground settlement in a soft ground tunneling (Im et al., 1999 ). The centrifuge model tests were widely used in the study of the behavior and in‰uence factors of the reinforced slopes because they can reproduce the gravity stressˆeld and the gravity-related deformation process (e.g., Porbaha and Goodings, 1996; ) performed a few centrifuge model tests of nail-reinforced steep silty clay slopes, and came to the conclusion that both the length and the density of soil nails have a signiˆcant in‰uence on the deformation and failure of the slope. However, centrifuge model tests are lacking for a thorough insight of the behavior of nail-reinforced slopes, especially under earthquake conditions. Deformation control becomes a signiˆcant concern for an engineered slope in recent years, aside from the avoidance of global landslide. For example, the deformation of an urban cutslope should be rigorously restricted to assure the safety of neighboring buildings. Therefore, the features of deformation of a slope should attract equal recognition as the traditional global failure in the design of the nail reinforcement. However, the nail-reinforcement mechanism itself, indicating how the nails decrease deformation and oŠset the risk of possible slope failure has not yet been explained thoroughly. Studies of such mechanisms under earthquake conditions are much in need, since earthquakes tend to trigger landslides.
A series of dynamic centrifuge model tests were conducted on nail-reinforced and unreinforced slopes during an earthquake. Several factors that aŠect the behavior of reinforced slopes were considered, including the nail length, nail spacing, and the inclination of the slope. The dynamic response in the acceleration and displacement of the reinforced slopes was observed in the process of the earthquake. The nail-reinforcement mechanism was analyzed on the basis of comprehensive measurements of displacement of the reinforced slopes by comparison with those of the unreinforced slope during an earthquake. In other words, we have attempted to illustrate how nails change the deformationˆeld of a slope and accordingly increase the aseismic stability level of the slope.
TESTS

Test Devices
The dynamic centrifuge model tests were conducted by using a shake table installed on the 50 g-ton geotechnical centrifuge at Tsinghua University. This shake table can simulate horizontal earthquake waves with maximum acceleration of 20 g via a hydraulic pressure servo-system. An aluminum alloy container (50 cm long, 20 cm wide, and 35 cm high) was used for all the centrifuge tests. This container was equipped with a transparent lucite window on one lateral side to observe the deformation of the slope.
Test Programs
A series of dynamic centrifuge model tests were conducted on the unreinforced and nail-reinforced slopes with a gradient (Vertical : Horizontal) of 1.5. DiŠerent nail lengths (6 cm, 8 cm, 10 cm) and nail spacings (2 cm, 4 cm) were used for the reinforced slope. Reinforced slopes with other gradients (1.0, 1.2) were also employed in the tests.
An earthquake wave was input on the container bottom and thus applied to the slope at 50 g-level when the deformation due to increase of centrifugal acceleration of the slope had become stable in the dynamic centrifuge model tests. This wave lasted 1 s, with a maximum acceleration of 13.1 g in the model dimension ( Fig. 1) , equivalent to 0.26 g in the prototype dimension at 50 glevel. Figure 2 shows the photographic and schematic views of a nail-reinforced model slope. The slope is 21 cm in height, and the nails are buried perpendicular to the slope surface in the soil. The length or spacing of the nails, as well as the gradient of slope, was altered for the purpose of comparing the behavior of the reinforced slope. The unreinforced slope was identical to the reinforced slopes in every way except for the removal of the nails.
Model Preparations
A thin columniform needle made of steel with an elastic modulus of 210 GPa was used to simulate the nail of the reinforced slope. The needle is approximately 0.8 mm in diameter. This is equivalent to a prototype nail with a diameter of 4 cm at 50 g-level.
The soil was retrieved from a Beijing subway station with average grain size of 0.04 mm. The speciˆc gravity of the soil was 2.71. The plastic limit and liquid limit of the soil were 14z and 28z, respectively. The water content of the soil was 17.5z, close to the optimum water content. The dry density was 1.42 g/cm 3 , which was selected to produce failure of the unreinforced slope under test conditions, according to the observations of several trial tests. The soil was compacted into the container by 5-cm-thickness layer, and the slope for the tests was obtained by removing the redundant soil. A 4-cmhigh horizontal soil layer under the slope was set to diminish the eŠect of the container bottom on the deformation of the slope. Silicone oil was painted on both sides of the container to decrease the friction between the slope and the sides of the container.
Measurements
Images of soil in the process of tests were taken using an image-record and displacement measurement system at a maximum rate of 50 frames/s (Zhang et al., 2009). The displacement history of an arbitrary point in the soil, with sub-pixel accuracy, was obtained using an imagecorrelation-analysis algorithm without disturbing the soil itself (Zhang et al., 2006) . White terrazzo particles were embedded in the lateral side of the soil to satisfy the requirements of the image-based measurements ( Fig. 2(a) ). In addition, a number of patterns were a‹xed to the container to obtain its displacement during the earthquake. It should be noted that the area within the dotted line, covering the main deformation zone, was used for displacement measurements ( Fig. 2(b) ). The Cartesian coordinates were established, with the origin as the slope foot, specifying positive as upward in the vertical direction (yaxis), and to the right in the horizontal direction (x-axis), respectively ( Fig. 2(b) ). The displacement is deˆned to be positive as downward in the vertical direction and to the right in the horizontal direction, respectively. The framerate used in the tests is 48 frames/s. The measurement accuracy was as good as 0.03 mm based on the model dimension for the centrifuge tests in this investigation.
Three accelerometers were buried in the soil, but kept aloof from the nails, to measure the acceleration response at diŠerent altitudes during the earthquake ( Fig. 2(b) ).
All the measurement results, including displacement and acceleration, are presented based on the model dimensions in this paper. Figure 3 shows the post-earthquake displacement contour lines of the unreinforced slope. The borders of the contour lines of the slope in this paper were designated as indicated by the dotted lines in Fig. 2 (b), which were not the actual slope borders. It can be seen that the contour lines exhibited a signiˆcant concentration in the middle and lower parts of the slope, and this concentration was weaker near the top of the slope. Several rows of typical points with a spacing of 10 mm were selected for a detailed analysis of the failure process of the unreinforced slope (Fig. 4) . Figure 5 shows the displacement histories of these points during the earthquake. It can be seen that the displacement, both in horizontal and vertical directions, tended to increase with a ‰uctuation during shaking. It should be noted that the high-frequency displacement response wasˆltered due to the measurement accuracy and rate limit of the captured images.
PROGRESSIVE FAILURE OF UNREINFORCED SLOPE
In the lower part of the slope, the increases of displacement of points G and H were fairly close during shaking; however, the increase of displacement for point K was signiˆcantly removed. This diŠerence became gradually larger during the test, demonstrating that there was a bifurcation of displacement along a horizontal line due to the earthquake. In the middle part of the slope, the bifurcation of the displacements of points E and F also was evident, but it was signiˆcantly less than that in the lower part. The bifurcation was di‹cult to determine in the displacement histories of points A, B, C located in the upper part of the slope.
Evident bifurcation of displacement indicates a signiˆcant concentration of deformation in the slope. The bifurcation analysis showed that the unreinforced slope exhibited a signiˆcant local failure in middle and lower parts; however, this failure did not extend to the upper part and therefore a global slip surface had not occurred. The slip surface, was yielded by plotting a curve through the points that exhibited bifurcation of displacement (see Fig. 5 ). Figure 4 shows the obtained slip surface, which can be preliminarily conˆrmed from the observations of post-earthquake contours (Fig. 3) . It should be noted that no slip surface in the upper part of the slope was observed in the test, and that the dotted line in Fig. 4 was obtained simply by extending the slip surface upwards.
The relative displacement of a point couple alongside the slip surface was used to analyze the progressive failure of the unreinforced slope (Fig. 6) . A couple of points were selected on the diŠerent sides of the slip surface with spacing of 10 mm (e.g., points H and K in Fig. 4) . Such a relative displacement was decomposed to two orthogonal components, termed``tangential displacement'' and`n ormal displacement'', tangential and normal to the slip surface, respectively. Tangential displacement is dened as positive if the slid body moves downwards, and normal displacement is deˆned as positive if compression deformation occurs. The relative displacement in both directions increased as a whole during shaking, with minor ‰uctuation at diŠerent altitudes (Fig. 6) . The tangential displacement was signiˆcantly larger than the normal displacement, especially in the lower and middle parts of the slope. This indicated that shear was dominant there and a shear band appeared. Close examination on the histories of relative displacement showed that the moment when the relative displacement became signiˆcant occurred in turn from the bottom to the middle of the slope (Fig. 6 ). This demonstrated that local failure occurred at the bottom of the slope and spread upwards to form theˆnal slip surface. It can be concluded that the unreinforced slope exhibited a progressive failure in the middle and lower parts though no global slip surface appeared due to the earthquake. Therefore, nails may have diŠerent eŠects on the upper and lower parts of the slope. Figure 7 shows the seismic response of several points at the accelerometer locations in a nail-reinforced slope. As was the case with the unreinforced slope, the high-frequency displacement response wasˆltered. The peak responses of acceleration and displacement both increased with increasing altitude. The magniˆcation factors of these points were obtained by using the acceleration histories (Fig. 8) . These magniˆcation factors gradually increased with increasing altitude for both reinforced and unreinforced slopes. The reinforcement slightly reduced the magniˆcation factors partly because the nails changed the stiŠness of the slope.
NAIL-INFLUENCE BEHAVIOR
Dynamic Response of Reinforced Slopes
Displacement increased rapidly in the early earthquake period, with the high input acceleration of earthquake. The rate of increase slowed signiˆcantly when the earthquake wave dropped oŠ, indicating that the deformation depended signiˆcantly on the input acceleration of the shaking wave. The horizontal displacement exhibited the tendency of monotonic increase on the outside of slope during shaking, and the vertical displacement increased gradually. This demonstrated that the slope exhibited signiˆcant irreversible deformation that accumulated during the earthquake; thus, the post-earthquake deformation can be used as a representative for the analysis of dynamic deformation. Figure 9 shows the contour lines of post-earthquake displacement of a nail-reinforced slope with borders as indicated in Fig. 2(b) . Consistent with the unreinforced slope, the horizontal displacement of the slopes increased from the inner slope to the free surface, and the vertical displacement increased with increasing altitude. However, the reinforced slope exhibited a nearly uniform distribution of irreversible deformation from the earthquake which diŠered signiˆcantly from the evident deformation concentration of the unreinforced slope (Fig. 3) . This demonstrated that the nails arrested the local failure that appeared in the unreinforced slope, in eŠect signiˆcantly increasing the aseismic stability level of the slope. In addition, a comparison of Figs. 3 and 9 shows that the nails evidently reduced the earthquake-induced deformation of the slope.
Nail-in‰uence Zone
A close examination of the post-earthquake displacement distribution at a horizontal line, y＝8.6 cm, showed a signiˆcant diŠerence between the reinforced and unreinforced slopes (Fig. 10) . The evident bifurcation point was located by comparing the displacement distributions of the nail-reinforced and unreinforced slope. On the inner side of the bifurcation point, the displacements of both slopes were very close, but in the case of the reinforced slope, signiˆcantly less displacement was observed on the outer side of this bifurcation point. It can be concluded that the nails signiˆcantly changed the displacement distribution of the slope in certain areas. The bifurcation point can be regarded as a boundary point with signiˆcant in‰uence on the deformation due to the nails. This bifurcation point was behind the slip surface of the unreinforced slope (Fig. 4) , though the nails-induced reduction of displacement became more signiˆcant near the slip surface (Fig. 10) . Figure 11 shows the horizontal distribution of displacement diŠerence at diŠerent altitudes. Hereafter, the abbreviation``displacement diŠerence'' is used to indicate the diŠerence between the horizontal displacement of the reinforced and unreinforced slopes. The displacement diŠerence is positive if the nail-reinforcement decreases the horizontal displacement. It can be seen that the displacement diŠerence was close to zero in the inner part of the slope at any an altitude, and exhibited an evident increase from in‰exion. This in‰exion was identical to the bifurcation point observed at displacement distribution (Fig. 10) . It should be noted that on the outer side of this in‰exion there was another in‰exion that was induced by the slippage of the unreinforced slope in middle and lower parts of the slope (y＝8.6 cm, y＝5.3 cm).
A continuous surface was obtained by connecting these in‰exions using a curve, see the dashed line in Fig. 11 . This surface indicates the boundary where the nails aŠected the deformation of the slope signiˆcantly, in eŠect creating a nail-in‰uence zone (Fig. 12) . Compared to the unreinforced slope, evidently less deformation occurred within the nail-in‰uence zone. It should be noted that the boundary of the nail-in‰uence zone was behind the slip surface of the unreinforced slope, implying that a buŠer zone was needed for the nail reinforcement to restrict the slippage. Almost no variation in the in‰exions was noted for nails 6 cm or 10 cm in length (Fig. 11) , indicating that the eŠect of nail length on the boundary of the nail-in‰uence zone was insigniˆcant. In other words, the nail-in‰uence zone was independent of the layout of nail-reinforcement if the nails were long enough. Since the nail-in‰uence zone had a clear eŠect on the failure behavior of the unreinforced slope, the failure analysis of unreinforced slopes should provide a reference for the design of nail-reinforcement.
Reinforcement EŠect of Nails
The reinforcement eŠect of nails was evaluated using the extent of the decrease in deformation of the slope induced by nails. It can be seen from Fig. 11 that the extent to which nails induced a decrease in the horizontal displacement increased with increasing nail length. This indicated that the increase of nail length can improve the nail-reinforcement eŠect.
In our investigation, a two-dimensional, four-node square isoparametric element, 10 mm long, was used for strain analysis. The strain of the element can be calculated according to the displacement of the nodes using a transform matrix derived on the basis of the shape functions of theˆnite-element method. It should be noted that the displacement vector of the nodes is directly obtained according to the measured displacement via imagebased measurement. Consequently, all the strain components on any arbitrary plane can be easily yielded.
The post-earthquake slope-direction shear strains and horizontal compression strains of typical elements within the nail-in‰uence zone were compared for a further dis- cussion on the reinforcement eŠect of the nail length (Fig.  13) . It can be seen that the horizontal compression strains of these elements were all negative, meaning a dilation of the soil in the horizontal direction. The absolute magnitudes of the strains all decreased with increasing nail length at diŠerent altitudes within the nail-in‰uence zone. This demonstrated that the increase of nail length can improve the reinforcement eŠect, though it had an insigniˆcant eŠect on the boundary of the nail-in‰uence zone.
REINFORCEMENT MECHANISM
Analysis of Point Couple
The relative displacements of the point couples of the reinforced slope were compared with the unreinforced slope in identical positions (Fig. 14) . The relative displacement, both in tangential and normal directions, was signiˆcantly reduced by the nail reinforcement. The extent of the reduction of tangential displacement was more signiˆcant in the lower part of the slope, which was consistent with the evident relative displacement in that area ( Fig. 14(a) ). This demonstrated that the nails exerted a signiˆcant reinforcement on the deformation of zones where the slip surfaceˆrstly appeared in the unreinforced slope. The nails-induced reduction extent was also dependent on the magnitudes of the relative displacement of the unreinforced slopes in the upper and middle parts. Thus, the reinforcement eŠect of nails can be concluded to have a close relation with the deformation behavior of the unreinforced slope.
The reduction extent of relative displacement increased with increasing nail length (Fig. 14) . For example, in the lower part of the slope, the tangential displacement of the reinforced slope was 0.11 mm and 0.08 mm for 6 cm-long and 10 cm-long nails, respectively. This again indicated that the nail length had a positive in‰uence on the reinforcement eŠect.
Strain Analysis
By observation, the slip surface of the unreinforced slope was approximately parallel to the slope surface (Fig. 4) , so the slope-direction shear strain was used to analyze the mechanism by which the nails reinforced the slope. Figure 15 shows the shear strains of three typical elements respectively located alongside, inside and outside the slip surface of the unreinforced slope. It can be seen that the shear strain along the slip surface increased rapidly in the early period of the earthquake. This shear strain reached a signiˆcant magnitude and a slippage, occurred across this element ( Fig. 15(b) ). The shear strains of the reinforced slope were notably smaller than those of the unreinforced slope in the identical positions (Fig. 15) . The shear strains of the slope increased at a smaller rate and reached a lower level far from failure when nails were used. In other words, the nails signiˆcantly conˆned the shear deformation of the slope so that slippage was prevented.
Uniformity Analysis
It has been discovered that the failure of a slope is the sequence of a signiˆcant concentration of deformation. Thus, the nail-reinforcement mechanism was analyzed on the basis of displacement distribution of the slope. An index,``uniformity degree'', U, was introduced on the basis of the variance in statistics for a comprehensive description of the feature of displacement distribution, as follows:
where N is the number of measurement points that are distributed in the concerned zone homogeneously, and set to 100 in this study. A is the area of the zone in question, and w is the displacement of a measurement point. The uniformity degree can be easily obtained using the displacement via the image-based measurement. In addition, the uniformity degree oŠers an intuitive description of distribution features of displacement in the diŠerent zones in question. In other words, a greater uniformity degree means a more uniform distribution of displacement, and a weaker concentration of deformation in the zone in question.
The uniformity degree can be degenerated to a onedimensional case if a unit of width is used for the zone in question. Figure 16(a) shows the one-dimensional uniformity degree of horizontal displacement within the nail-in‰uence zone at diŠerent altitudes for the reinforced and unreinforced slopes, respectively. It can be seen that the nail reinforcement signiˆcantly increased the uniformity degree, demonstrating that the nail reinforcement induced a more uniform displacement distribution of the slope, as discovered from Figs. 10 and 11. Thus, the eŠectiveness of such an index is assured to capture the behavior of the displacement distribution. Figure 16 (b) shows the two-dimensional uniformity degrees of displacement within the nail-in‰uence zone of the reinforced and unreinforced slopes, respectively. It can be seen that the uniformity degrees of both types of slope decreased during shaking, indicating that the earthquake induced a tendency of disorder in the displacement distribution. The nail reinforcement increased the uniformity degree signiˆcantly. It can be concluded that the nails forced the deformation of the slope to be more uniform and thus arrested possible strain localization. As a result, the failure of the slope can be prevented, and the stability level of the slope can be raised. This can be used to explain why the nails can increase the stability of the slope under earthquake conditions, which has been illustrated on the basis of point couple analysis and strain analysis by comparison of the reinforced and unreinforced slopes (Figs. 14 and 15 ). Further analysis showed that the layout of nail reinforcement had a signiˆcant in‰uence on the deformation of the slope. The uniformity degrees of the nail-in‰uence zone increased with increasing nail length or decreasing nail spacing (Fig. 17) . Thus, increasing nail length or decreasing nail spacing can both improve reinforcement eŠect, and increase the stability level of the slope accordingly. Figure 18 shows the uniformity degree of the reinforced zone of the slopes with diŠerent gradients. The observations showed that increase of gradient of slope decreased the uniformity degree; this demonstrated that the gradient of slope had a signiˆcant eŠect on the reinforcement eŠect of nails.
CONCLUSIONS
A series of dynamic centrifuge model tests were conducted on the nail-reinforced and unreinforced slopes during an earthquake. On the basis of the observations of dynamic response and analysis of reinforcement mechanism of the slope, the following conclusions are achieved:
(1) The unreinforced slope exhibited a progressive failure in middle and lower parts though the global slip surface did not appear due to the earthquake. The nails arrested such failure and increased the aseismic stability level of the slope signiˆcantly.
(2) The nail reinforcement changed the dynamic acceleration response of the slope during the earthquake. (3) The nails decreased deformation of the slope signiˆcantly within a nail-in‰uence zone. This zone involved the slip surface of the unreinforced slope, and providing the nails were long enough, the layout of nail-reinforcement was irrelevant.
(4) On the basis of point couple analysis, strain analysis, and uniformity analysis, it was discovered that the nails forced the deformation of the slope to be more uniform and thus arrested possible strain localization under earthquake conditions. This can be used to explain why the nails can increase the stability level of a slope.
(5) Increasing nail length or decreasing nail spacing can both improve reinforcement eŠect and increase the stability level of a slope.
